The genus Metrosideros includes several tree, shrub and vine species, native to the Pacific Islands. Seedlings from 25 seed lots of Metrosideros polymorpha and two seed lots of M. tremuloides with symptoms of root rot, stem girdling, wilting and round, purple leaf spots were observed in the Forestry Nursery at the Universidade Federal de Vic ßosa, Brazil. In the original disease site, seedling mortality reached up to 71% in M. polymorpha and 34% in M. tremuloides. Single conidial cultures obtained from infected leaf, root and stem samples of M. polymorpha were used to identify the fungal species. Morphological characters and DNA sequences of four loci, containing partial sequences of b-tubulin (TUB2), histone H3 (HIS3), calmodulin (CAL) and the elongation factor (tef-1a) genes of three isolates, indicated that they belong to a new species, described here as Calonectria metrosideri sp. nov. Potting medium infestation and inoculation of seedlings of M. polymorpha with an inoculum suspension at 1 9 10 4 conidia ml À1 induced typical symptoms of the disease (leaf spots, root rot and wilt), similar to those observed under natural conditions. Calonectria metrosideri was re-isolated, which fulfilled Koch's postulates, and confirmed its status as a pathogen.
Introduction
Metrosideros is a genus that includes several tree, shrub and vine species native to the Pacific Islands from the Philippines to New Zealand. Metrosideros polymorpha Gaudich, popularly known as ohia ( Fig. 1) is the species dominant in Hawaiian ecosystems, occupying a wide variety of habitats (Cordell et al. 1998 ). This species and others of this genus can be used for medicinal purposes, wood production for energy, poles and several other uses (Friday and Herbert 2006) .
In Hawaii, approximately 80% of native forests are composed of species of Metrosideros, especially M. polymorpha (Uchida et al. 2006) . In April 2005, a rust fungus (Puccinia psidii Winter), a highly damaging pathogen in myrtaceous hosts in South America, was found on plants of Metrosideros spp. in Hawaii, and this rust pathogen is considered a threat to Hawaiian forest ecosystems (Uchida et al. 2006 ). Subsequently, half-sib families of Hawaiian ohia seeds were germinated and grown in Brazil to assess the genetic resistance to Brazilian strains of P. psidii. However, during a routine inspection at the nursery, seedlings of M. polymorpha showing symptoms of leaf spots, defoliation, young leaf wilt and seedling death were recorded (Fig. 2) . In addition, stem necrosis and girdling with root rot were observed. Seedlings with the above disease symptoms kept in a moist chamber showed intense sporulation of a Calonectria sp. on the lesions. Thus, the objective of this study was to characterize the causal agent of this disease through a combination of morphological and molecular data and pathogenicity tests. TUB2, CYLH3F and CYLH3R (Crous et al. 2004a ) for HIS3, EF1-728F (O'Donnell et al. 1998 ) and EF-2 (Carbone and Kohn 1999) for TEF-1a and CAL-228F and CAL-737R (Carbone and Kohn 1999) for CAL. Amplification was performed with an initial denaturing at 96°C for 5 min followed by 35 cycles of denaturation at 96°C for 30 s, annealing at 52°C for 30 s, extension initial 72°C for 1 min and 4 min final extension at 72°C. The PCR product was visualized on a 2% agarose gel, to determine fragment size and purity. PCR products were purified with an ExoSAP-IT â kit, according to the manufacturer's recommended protocol (2 ll reagent per 5 ll amplified DNA product) and incubated in a thermal cycler for 15 min at 37°C followed by an additional incubation for 15 min at 80°C.
Sequencing and phylogenetic analysis
Sequencing was performed at the Laboratory of Genomics in the Institute of Biotechnology Applied to Agriculture (BIO-AGRO) at the Universidade Federal de Vic ßosa, Brazil. Sequences quality was checked by means of Sequence Scanner software v. 1.0 (Applied Biosystems, Foster City, CA, USA) and edited using the software package SeqMan from DNAStar Inc. (Madison, WI, USA, www.DNASTAR.com) All sequences were manually corrected, and the arrangement of nucleotides in ambiguous positions was corrected using the sequences of primers in the forward and reverse directions. New sequences derived from this study were deposited in GenBank (http://www.ncbi.nlm.nih.gov/genbank), and other sequences used in phylogenetic analysis were obtained from GenBank (Table 1) .
Consensus regions were compared in the GenBank database using the Mega BLAST program. Based on the results of the BLAST, new sequences were added to the alignment of Lombard et al. (2011) . All sequences were assembled in the MAFFT v. 6 online version (http://mafft.cbrc.jp/alignment/server/) (Katoh and Toh 2010) , and aligned sequences were then manually corrected when necessary using MEGA v. 5 (Tempe, AZ, USA) (Tamura et al. 2011) . Spaces (gaps) (insertions/deletions) were treated as absent.
PAUP (Phylogenetic Analysis Using Parsimony, v. 4.0b10; Sunderland, MA, USA; Swofford 2002) was used to analyse the DNA sequence data sets. A partition homogeneity test (Farris et al. 1994 ) and a 70% reciprocal bootstrap method (Gueidan et al. 2007 ) were applied to determine whether the data sets were consistent and combinable. Phylogenetic relationships were estimated by heuristic searches based on 1 000 random addition sequences and tree bisection-reconnection, with the branch swapping option set on 'best trees' only. All characters were weighed equally, and alignment gaps were treated as missing data. Measures calculated for parsimony included tree length (TL), consistency index (CI), retention index (RI) and rescaled consistence index (RC). Bootstrap analyses (Hillis and Bull 1993) were based on 1 000 replications. Analysis of Bayesian inference (BI) was performed using the algorithm of Markov chain Monte Carlo (MCMC), and the model of nucleotide substitution used was determined using the MrModeltest v. 2.3 (Posada and Crandall 1998) . The models were estimated separately for each gene region. The likelihood values were calculated, and the model was selected according to Akaike information criterion (AIC). BI analysis was completed with MrBayes v. 3.1.1 (Ronquist and Heulsenbeck 2003) with 10 million random generations. Trees were sampled at every 1 000 generations, resulting in 10 000 trees. The first 2 500 trees were discarded from the analysis. The posterior likelihood values (Rannala and Yang 1996) were determined using the consensus tree. The convergence of the log likelihood was analysed using the software TRACER v. 1.4.1 (Auckland, New Zealand; Rambaut & Drummond 2009) , and no indication of lack of convergence was detected. Calonectria colombiensis Crous and Calonectria chinensis (Crous) L. Lombard, M.J. Wingf. & Crous were used as outgroups in the analysis.
Morphological characterization
Single conidial cultures were grown on synthetic nutrient poor agar (SNA) (Nirenburg 1981) at 26°C, following the protocols set for Calonectria by Lombard et al. (2009 Lombard et al. ( , 2010b . After 7 days of incubation, the morphological characteristics were determined by mounting fungal structures in clear lactic acid, and 30 measurements at 9 1 000 magnification were determined for each isolate using a Zeiss Axioscope 2 microscope (Jena, Germany) with differential interference contrast (DIC) illumination. The 95% confidence levels were determined, and extremes of conidial measurements are given in parentheses. For other structures, only extremes are presented. 
Pathogenicity
Because the undescribed Calonectria species was isolated from infected M. polymorpha, this plant was selected to confirm pathogenicity. For this test, 10 seedlings were spray-inoculated with a conidial suspension at 1 9 10 4 ml À1 of each isolate, as described by Grac ßa et al. (2009) . Potting medium (Mec Plant â substrate, Telêmaco Borba, Paran a, Brazil) supporting 10 healthy seedlings was also infested by adding 30 ml of the same conidial suspension in each of the four holes made around each plant. Five plants treated with distilled water served as control. The development of symptoms was monitored daily for 10 days.
Source of inoculum
To determine the inoculum source of inoculum, samples of irrigation water and samples of unused/ used substrate were tested for the presence of the pathogen using the castor bean leaf bio-baiting method (Gonc ßalves et al. 2001 ).
Disease progress
Disease progress was evaluated on plants growing at the original nursery where the disease was discovered by counting the number of wilted or dead plants at biweekly intervals from April to July, 2010.
Results

Phylogenetic analysis
Amplicons of approximately 450 bases for HIS3 and 500 bases each for TUB2, TEF-1a and CAL were generated. Based on preliminary tef-1a sequence analyses with 49 taxa including outgroups (Fig. 3) , the multigene analysis was performed with closely related species, which belong to the Calonectria scoparia complex.
The combined sequence analysis was performed with 18 taxa, including outgroups. Comparing the tree topologies of the 70% reciprocal bootstrap trees indicated no conflicts. Subsequently, the data sets were combined, and this resulted in a data set consisting of 1 899 characters including gaps. Of these, 1 634 were constant and parsimony uninformative, and Fig. 3 . Phylogenetic tree obtained by Bayesian inference using sequences oftranslation elongation factor. 1a sequence alignments ofthe Calonectria isolates. The bold lines indicate posterior probability values of 1.00. The tree was rooted to C chinensis (CBS 112744) and C. colombiensis (CBS 112220). Isolates in bold were obtained during the survey.
295 were parsimony informative. Analysis of the 295 parsimony informative characters yielded four equally most parsimonious trees (TL = 561, CI = 0.904, RI = 0.911, RC = 0.823). Evolution models HKY+I for TUB2 and CAL, and GTR+G for HIS3 and tef-1a were selected and incorporated into the Bayesian analysis.
The preliminary tree performed with tef-1a can distinguish Calonectria scoparia complex from the other Calonectria complexes (C. variabilis and C. mexicana); however, it is not useful for separating C. metrosideri from other species within the C. scoparia complex (Fig. 3) . The newly described C. metrosideri can be distinguished from other Calonectria spp. within the C. scoparia complex using an additional three loci (HIS3, TUB2 and CAL). The multigene analysis formed a distinct and well-supported clade close to but distinct from C. pseudoscoparia and C. scoparia (Fig. 4) .
Taxonomy
Based on the DNA sequence data and morphological features of the anamorph, we conclude that the Calonectria isolates from M. polymorpha represent an undescribed new species, described below as follows:
Calonectria metrosideri R.F. Alfenas, O.L. Pereira, P.W Crous & A.C. Alfenas, sp. nov. MycoBank MB 802511 (Fig. 5) . Etymology: In reference to the genus Metrosideros, from which the fungus was isolated.
Hosts: Metrosideros polymorpha. Distribution: Brazil.
Conidiophores containing a stipe bearing penicillate suites of fertile branches, stipe extension and terminal vesicle; stipe septate, hyaline, smooth, 40-105 9 4-7 lm; stipe extensions septate, straight to flexuous, 90-170 lm long, 2-4 lm wide at the apical septum, terminating in spathulate to obpyriform vesicles, 5-9 lm diam (abnormal bifurcate vesicles frequently observed). Conidiogenous apparatus 40-65 lm long, 60-75 lm wide; primary branches aseptate, 18-30 9 4-5 lm; secondary branches aseptate, 18-22 9 3-4 lm; tertiary and additional branches (À4), aseptate, 8-15 9 3-4 lm, each terminal branch producing 2-6 phialides; phialides elongate doliiform to reniform, hyaline, aseptate, 8-11 9 3-4 lm; apex with minute periclinal thickening and inconspicuous collarette. Macroconidia cylindrical, rounded at both ends, straight, (40À)44-46 (À51) 9 3-5 lm (av. = 45 9 4 lm), 1-septate, lacking a visible abscission scar, held in parallel cylindrical clusters by colourless slime. Mega-and microconidia were not seen observed.
Notes: Calonectria metrosideri (conidia av. 45 9 4 lm) can be distinguished from C. scoparia (conidia av. 60 9 4.5 lm) and C. pseudoscoparia (conidia av. 48 9 4 lm) based on smaller macroconidia and on being phylogenetically distinct. Mating tests resulted in no successful matings, suggesting that the fungus either is heterothallic, with no compatible tester strains found, or has lost the ability for sexual mating.
Culture characteristics: Rapid growth 50-55 mm diam after 10 days at 25°C on Malt Extract Agar (MEA), aerial mycelial and sporulation sparse; chlamydospores forming brown, thick-walled microsclerotia. Fig. 4 . Phylogenetic tree obtained by Bayesian inference using combined sequences of p-tubulin, histone H3, translation elongation factor 1a and calmodulin sequence alignments of Calonectria isolates. The bold lines indicate posterior probability values of 1.00. The tree was rooted to C. chinensis (CBS 112744) and C. colombiensis (CBS 112220). Isolates in bold were obtained during the survey.
Pathogenicity
As observed in the nursery under natural infection, spray-inoculated plants showed leaf spots, and seedlings grown in pathogen-infested substrate exhibited root rot and wilt symptoms and eventually died. Intense defoliation was also found with spray-inoculated plants.
Source of inoculum
Irrigation water and potting medium were Calonectria free. However, used substrate produced pathogen colonization in 6.3% of castor bean leaf baits. These results indicate that neither the irrigation water nor the substrate was the primary inoculum source of the fungus.
Disease progress
The number of infected plants of M. polymorpha and M. tremuloides increased significantly over time, reaching up 71 and 34% of diseased seedlings, respectively, in about four months. Higher disease levels occurred on Metrosideros polymorpha compared with M. tremuloides (Fig. 6 ).
Discussion
To characterize the causal agent of the Metrosideros disease, isolates of a Calonectria sp. obtained from infected plants were identified as a phylogenetically undescribed species. This is described here as Calonectria metrosideri sp. nov., which is closely related to the C. scoparia complex (Schoch et al. 1999 (Schoch et al. , 2001 ). This complex includes C. pauciramosa C.L. Schoch & Crous, C. scoparia Peerally, C. mexicana CL Schoch & Crous, C. spathulata El-Gholl, Kimbr., E.L. Barnard, Alfieri & Schoult and C. insularis Schoch & Crous (Schoch et al. 1999 ). More recently, Lombard et al. (2010b Lombard et al. ( , 2011 (Schoch et al. 1999) . Although C. metrosideri is phylogenetically and morphologically close to C. scoparia and C. pseudoscoparia, it grouped in a well-supported, distinct clade. Furthermore, it also has smaller conidia than the latter two species. Currently, identification of species based on phylogenetic inference has shown that many species of plant pathogens represent a species complex (Crous and Groenewald 2005; Hyde et al. 2010 ). The problem is that sometimes the phylogenetic species concept is not correlated with morphology, and the boundaries of separation between taxa remain unclear. In some cases, the separation of two or more groups of isolates as distinct taxa may occur, but in fact, they could belong to the same species . Therefore, before assigning isolates to a new species, it is necessary to find robust differences by employing additional techniques , as done in the present work.
Recent studies describing novel species of Calonectria have employed a combination of the phylogenetic and morphological species concepts (Lombard et al. 2010a,c) . The difficulty of only adopting the biological species concept in Calonectria is that some isolates of different phylogenetically related species (C. hawksworthii, C. insulare and C. scoparium) can interbreed and produce fertile progeny.
Recently, Lombard et al. (2011) also described two new species of Calonectria from Metrosideros sp. (C. pseudomexicana and C. tunisiana) and underlined the importance of phytosanitary and quarantine measures, to prevent the introduction of these species into Hawaii. Calonectria metrosideri differs phylogenetically and morphologically from C. pseudomexicana and C. tunisiana, which also have wider conidia and broadly ellipsoidal vesicles.
Although the present description is based on characteristics of the anamorph (Cylindrocladium), the new species from ohia is named in the genus Calonectria, because all species of Cylindrocladium are phylogenetically connected to Calonectria. Moreover, the oldest name prevails (Crous 2002; Crous et al. 2004a Crous et al. , 2006 Schoch et al. 1999 ) and the use of Calonectria is being adopted in proposals of new species, even when the sexual state is not observed (Lombard et al. 2010a (Lombard et al. , 2011 Wingfield et al. 2012) .
All three isolates (CBS133603, CBS133604 and CBS133605) of C. metrosideri tested were pathogenic and induced disease symptoms in seedlings of M. polymorpha similar to those observed in the nursery under natural infection. However, wilted and dead plants were only observed when the potting medium was infested with inoculum of the pathogen. In this case, the fungus infects the root system and induces seedling wilt. Species of Calonectria are soil-borne pathogens (Crous 2002) . In a eucalypt cutting nursery, Calonectria spp. and other pathogens are spread and infect healthy plants mainly from inoculum in contaminated water (Mafia et al. 2008) , infested substrate, tubes and scissors, as well as infected shoots used to make cuttings . In this study, we confirmed that the irrigation water and the potting medium used for growing ohia plants were pathogen inoculum free at the time of testing. Therefore, contaminated pots were probably the primary inoculum source of C. metrosideri on ohia. This conclusion is based on the fact that once pots were subjected to a hot water treatment (80°C min À1 ) ), the disease was successfully controlled. As observed among and within species of Eucalyptus susceptible to leaf blight caused by Calonectria pteridis Zarpelon et al. 2011) , indications of differences in resistance to C. metrosideri infection were also observed between M. polymorpha and M. tremuloides. However, in nurseries, cultural practices aiming to eradicate the sources of inocula and to reduce the environmental conditions favourable to infection are the most important forms of disease control, whereas breeding for resistance is more applicable to the establishment of plantations or replacement of forest trees.
The description of C. metrosideri sp. nov. represents a novel species for Brazil. The rapid progress of this disease indicates the high aggressiveness of this pathogen and the urgent need for control methods, especially cultural practices, to minimize losses from the disease in forest nurseries.
